Background: While the benefits of vigorous exercise on body weight and regional adiposity are well established, whether these benefits affect equally the highest and lowest portions of the weight distribution have not been previously reported. The impact of exercise on the more extreme body weights and body circumferences is clinically important because these values represent individuals at greatest health risk. Method: Self-reported weights and body circumferences from a cross-sectional sample of 7288 male and 2326 female runners were divided into five strata, according to the distances run per week and within each stratum the 5th, 10th, 25th, 50th, 75th, 90th and 95th percentiles were determined. Least-squares regression was then employed at each percentile to determine the dose-response relationship between running distance and adiposity as determined by body mass index (BMI) and self-reported circumferences of the waist, hip and chest. Results: Per kilometer run per week, the associated decline for BMI was three-fold greater at the 95th than at the 5th percentile in men, and six-fold greater at the 95th than the 5th percentile in women (all Po0.001). Reported waist circumference also declined more sharply at the 95th percentile than at the 5th percentile in men (À0.1370.02 vs À0.0670.01 cm per km/week) and women (À0.1870.04 vs À0.0570.01 cm per km/week). In women, both hip and chest circumferences declined more sharply per kilometer run at the 95th percentile than at the 5th percentile. Conclusions: These results are consistent with the hypothesis that running promotes the greatest weight loss specifically in those individuals who have the most to gain from losing weight. Comparisons based on average BMI or average body circumferences are likely to underestimate the health benefits of running because of the J-shaped relationship between adiposity and mortality. Whether the observed cross-sectional associations are primarily due to exercise-induced weight loss or selfselection remains to be determined.
Introduction
In contrast to their lower-mileage counterparts, runners who chart greater weekly run in distances have lower weights and narrower waists, hips and chests. [1] [2] [3] [4] [5] Individual responses in weight loss due to exercise, however, may vary considerably. [3] [4] [5] Medical research relies on the average to efficiently summarize data from small to moderate size samples. 6, 7 The average is expected to be estimated with much greater precision than estimates of the 10th or 90th percentiles. 8 Yet the more extreme values are generally most interesting because they represent individuals at greatest or least health risk. 9 An average response to an intervention (eg, diet, exercise, drug) is often the appropriate statistic to use when individual responses are not dependent upon initial levels. However, when individual responses are based on initial levels, using the average may mask important information. For example, mean plasma high-density lipoprotein (HDL)-cholesterol concentrations have been reported to increase significantly with exercise training in sedentary men. However, the increase was three-fold greater in the men who started with a baseline HDL-cholesterol greater than or equal to 48 mg/dl compared to those whose starting HDL-cholesterol was 37 mg/dl or less. 10 This paper examines the relationships of running distance to the percentile distribution of body mass index (BMI) and body circumferences (waist, hip, chest) in the National Runners' Health Study. Specifically, it tests whether crosssectional relationships of adiposity with running distance were the same at the 5th, 10th, 25th, 50th, 75th, 90th and 95th percentiles of fatness. The study's large sample size provides the statistical power required for estimating percentiles precisely. The results suggest a greater decline in adiposity per mile run at higher percentiles. If these crosssectional relationships are reflective of the changes in adiposity associated with exercise training, then the expected benefits from vigorous exercise will depend strongly on initial levels, although causality remains to be determined from longitudinal data.
Methods
The design and subject characteristics of the National Runners' Health Study are described in detail elsewhere. 1, 2 Briefly, all participants received a two-page questionnaire, distributed nationally at races and to subscribers of the nation's largest running magazine (Runners' World, Emmaus, PA, USA). This questionnaire solicited information on: demographics (age, race, education); running history (age when the participant began running at least 12 miles per week, average weekly distance run, best marathon and 10-km race times during the past 5 y); weight history (greatest and current weight, weight when the participant started running, least weight as a runner, circumferences of the chest, waist and hips); diet (vegetarianism and the current weekly consumption of alcohol, red meat, fish, fruit; vitamin C, vitamin E and aspirin); current and past cigarette use; prior history of heart attacks and cancer; and medications taken for high blood pressure, hypothyroid, hypercholesterolemia or diabetes. The average number of kilometers run per week was calculated by averaging the reported yearly distances of the preceding 5 y. BMI was calculated as the weight in kilograms divided by height in meters squared. We estimate that 15-19% of the subjects returned our questionnaire (uncertainty due to an unknown number of race participants who received our questionnaire and undeliverable addresses).
The current report focuses on the self-reported body weights, heights and body circumferences from 7288 male and 2326 female nonvegetarian, nonsmoking runners without prior history of heart disease or cancer. Self-reported body circumferences of the waist, hip and chest were in response to the question 'Please provide, to the best of your ability, your body circumference in inches' without further instruction. Waist circumferences were reported by 6763 men and 2164 women, hip circumferences by 3673 men and 2109 women, and chest circumferences by 5946 men and 2154 women. Self-reported height and weight from the questionnaire have been found previously to correlate strongly with their clinic measurements (unpublished correlation in 110 men were r ¼ 0.96 for both). Self-reported body circumferences are somewhat less precise as indicated by their correlations with self-reported circumferences on a second questionnaire (waist: r ¼ 0.84; hip: r ¼ 0.79; chest: r ¼ 0.93) and with their clinic measurements (waist: r ¼ 0.68; hip: r ¼ 0.63; chest: r ¼ 0.77). Chest circumference has not been frequently used as a measure of adiposity, however, others have reported that chest circumference provides a measure of upper body obesity that exhibits relationships to plasma leptin levels that were not apparent for waist or hip measurements, 11 and that endurance-oriented physical activity significantly decreases chest diameter. 12 Thoracic fat has also been related to low-density lipoprotein levels.
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Statistical analyses Least-squares regression was used to estimate the apparent change in adiposity by reported running distance at the 5th, 10th , 25th , 50th , 75th, 90th and 95th percentiles. Specifically, the data were divided into five categories by running distance (r16, 16-32, 32-48, 48-64 and 64 or more km/week), and within each distance category the BMIs corresponding to these percentiles were determined. The average weekly running distances were also calculated within each of the five distance categories. We then applied simple linear regression to the five bivariate observations consisting of the average distance run (independent variable) and the BMI or circumference at the ith percentile (eg, i ¼ 5th, 10th, 25th, 50th, 75th, 90th and 95th), for each distance category (dependent variable).
Since the usual underlying statistical assumptions presumably do not apply for percentiles (particularly those representing the tails of the distribution), the standard errors and significance levels were calculated using bootstrap resampling.
14 Bootstrap estimates were created as follows:
(1) within each of the five distance categories, sampling with replacement was used to create a bootstrap data set of distance run and BMI; (2) average distance run and BMI corresponding to the 5, 10, 25, 50, 75, 90 and 95 percentiles for the bootstrap sample were determined; (3) least-squares regression was applied to estimate at each percentile the apparent change in BMI per kilometers run across the five distance categories; (4) steps 1-3 were repeated 10,000 times. This yielded 10,000 regression slopes (one for each bootstrap sample). The average and the standard deviation of the 10,000 regression slopes provide the bootstrap estimate of the regression slope and its standard error at the ith percentile. The bootstrap samples also provide an estimate of statistical significance. Two-tailed significance levels were calculated as 2*minimum (p, 1Àp), in which p is the proportion of times that the 10,000 bootstrap slopes were less than zero. If running causes the same change in BMI regardless of whether the individual is lean or overweight, then the regression slopes for the 5th, 10th, 25th, 50th, 75th, 90th and 95th percentiles will be parallel. Nonparallel regression slopes could indicate that running affects various portions of the adiposity population distribution differently. Bootstrap resampling was used to estimate the difference between two Associations of vigorous exercise with weight PT Williams regression slopes (eg, the 75% slope minus the 25% slope) and the corresponding standard error. Bootstrap resampling was also used to test whether the slopes increased or decreased progressively from 5 to 95% of the adiposity distribution. (Nearly identical results were obtained for a contrast that increased linearly with the percentile or with the ordinal sequence of the seven percentiles). Bootstrap estimates and standard errors for differences in regression slopes, and linear contrasts across regression slopes were again based on 10 000 bootstrap samples. Two-tailed significance levels were calculated as 2*minimum (p, 1Àp), where p is the proportion of times that the difference in slopes at the ith and jth percentile, or the linear contrast across slopes (ie, the slope of the slopes) was less than zero. Table 1 presents the characteristic of the male and female runners by weekly distance run. Age and height were largely unrelated to running distance. Runners who ran further each week weighed less, had lower BMI, narrower circumferences of the waist, hip and chest, weighed less when they began running, and had run more years. Figure 1 displays the 5, 10, 25, 50, 75, 90 and 95th percentiles for men's BMI stratified by weekly distance run. The figure presents the significance of the difference in BMI across the five distance categories (ie, by 16 km increments in running distance). The figure shows that the median BMI (ie, 50th percentile) became significantly smaller for each 16 km increment in weekly running distance (eg, median BMI was significantly smaller in men who ran 16-31.9 km/week than men who ran under 16 km/week, significantly smaller in men who ran 32-41.9 km/week than men who ran either 16-31.9 km/week or under 16 km/week,y, and significantly smaller in men who ran over 64 km/week than in any distance category under 64 km/week). In general, there were Associations of vigorous exercise with weight PT Williams significant declines in BMI with every 16 km/week increment in running distance for both the leanest (5% of the sample) and heaviest runners (95% of the sample), and for all percentiles in between (only two exceptions being the differences between 16-31.9 km/week and under 16 km per week at the 10 and 95th percentiles). Figure 2 displays a similar pattern for women; however, there are slightly fewer significant comparisons, which is most likely the consequence of the smaller sample size. The calculated rate (7s.e.) of decline per reported kilometer run for the median and the other percentiles is estimated by the regression coefficients presented on the right of Figures 1 and 2 and in Table 2 . For example, the 50th percentile of the men's BMI distribution declined À0.029 kg/ m 2 per km run, with a standard error of 0.002. The men's and women's BMI also declined significantly with running distance at all other percentiles. Table 2 shows that for both sexes, the declines at the 5, 10, 25, 50, 75, 90 and 95% were each significant at P o0.001. Figure 1 also tests whether the regression slopes are the same at all percentiles. In men, the slope at the 95th percentile of BMI was twice as great as the slope at the median (50th percentile) and over three-fold greater than the slope at the 5th percentile of BMI. In women, the slope at the 95th percentile was three times greater than the slope at the median, and six-fold greater than the slope at the 5th percentile of BMI. In both sexes, the slopes became progressively weaker for the 95th, 90th, 75th and 50th percentiles of BMI, and the overall trend for progressively steeper slopes with increasing percentiles was significant at Po0.001. Tables 3 and 4 provide more detailed comparisons between the regression slopes at the 5, 10, 25, 50, 75, 90 and 95% (ie, all 21 pairwise comparisons between the seven regression slopes). The tables show that nearly all of the pairwise comparisons were significantly different from each other (one exception in men: the 5th vs the 10th percentile; three exceptions in women: the 5th vs the 10th and 25th percentiles, and the 25th vs the 50th percentile). These analyses suggest that the decline in body weight associated with running distance could depend upon whether an individual's weight is low or high relative to others in the population. Specifically, Figures 1 and 2 show the steepest regression slopes are at the highest percentiles, and that the slopes become progressively more gradual (closer to zero) with decreasing percentiles through the 5th.
Results

Body mass index
Body circumferences
As expected, self-reported circumferences of the waist and hips exhibited associations with weekly distance run that were consistent with those observed for BMI. Specifically, Tables 2-4 show: (1) that waist and hip circumferences declined significantly in association with weekly distance run for all percentiles between the 5th and 95th; (2) that the declines were substantially greater above the median than Associations of vigorous exercise with weight PT Williams Significance levels for the differences between two regression slopes are coded: *Po0.05; **Po0.01; ***Po0.001.
Associations of vigorous exercise with weight PT Williams below the median. Compared to the 5th percentile, the decline per kilometer run at the 95th percentile was twice as great in men and two to three times as great in women for waist and hip circumferences. In men, chest circumference declined in association with weekly distance run at all percentiles, although there was no conclusive evidence (ie, P ¼ 0.08) that the decline was different across percentiles. In women, weekly running distance was not associated with differences in chest circumference below the median. Chest circumferences above the median did decline in association with running distance. The rate of decline was significantly greater in women having the greatest chest circumferences (95th percentile) than in women with smaller chests.
Standard regression slopes by starting running weight
We also examined the standard least-squares regression slope of adiposity vs running distance when the samples were divided by quartiles of starting BMI (i.e., when starting to run at least 12 miles per week). Significance levels for the differences between two regression slopes are coded: *Po0.05; **Po0.01; ***Po0.001. Compressed weight distributions among longerdistance runners The sharp drop in BMI and body circumferences per kilometer run above the median and the more gradual decline in BMI and circumferences per km below the median leads to a more compressed body-weight distribution among long-distance runners vis-à-vis short-distance runners. The effect is apparent for the standard deviation, which is a commonly employed measure of dispersion. The standard deviation for BMI in men was 3.09 for those running under 16 km/week; 2.53 for 16-31.9 km/week, 2.23 for 32-47.9 km/ week; 2.18 for 48-63.9 km/week; and 1.94 for those running over 64 km/week. Table 1 shows that the compression is most pronounced for BMI and waist in both sexes, and in chest circumference in women.
Associations of vigorous exercise with weight
Discussion
The statistical average and standard deviation are the most frequently used parameters for describing the relationship of adiposity to other variables in a population. For example, that average BMI and average waist, hip and chest circumferences have been previously reported to all decrease incrementally with reported distance run per week in men and women. 1, 2 The present report shows that the relationship of adiposity to the quantity of vigorous exercise is more complex than previously described. Specifically, the declines in weight and body circumferences per kilometer run are greatest at the highest percentiles of body weight and become gradually weaker for the leaner percentiles. Thus, the declines in mean BMI and body circumferences per kilometer run may be disproportionately due to large reductions in the most-overweight individuals. This conclusion is supported by another analysis that compared the regression slopes between adiposity and running distance stratified by BMI when starting to run. The steepness of the regression slope increased progressively with starting BMI. The steeper (ie, more negative) regression slopes for BMI and body circumference per km run at the 95th percentile compared to the 50th percentile could be due to exerciseinduced weight loss, effects due to self-selection, or both. There may be a greater susceptibility to exercise-induced weight loss at higher BMIs and progressively greater resistance to losing weight as adiposity approaches the median. Alternatively, if the leaner body weights of longerdistance runners are due to self-selection rather than weight loss, then the selective pressure against heavier body types may primarily involve the most extreme values and become progressively weaker as adiposity approaches the median. However, at least some of the leanness of higher mileage runners is likely to be the direct consequence of running since: (1) clinical trials show sedentary men assigned to a program of running experience significance weight loss relative to controls 4, 5 and (2) differences between runners current weights and greatest lifetime weights are correlated significantly with average weekly distance run (the leanest runners are also the ones who have lost more weight since starting to run).
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Running may promote the greatest weight loss specifically among those individuals who have the most to gain by losing weight. The relationship of BMI to morbidity and mortality is nonlinear. 15, 16 Several studies report a U-shaped relationship between mortality and adiposity, 15 . Among nonsmokers, the U-shaped distribution seemed to arise from the combination of excess mortality due to causes other than cardiovascular disease and cancer among very lean men and women, and a J-shaped increase in cardiac mortality from the lowest to the highest BMI quartiles. These relationships are substantially modified by prior history of disease and smoking.
The apparent differences in the effect of running distance on adiposity in overweight and normal-weight men and women were also observed for circumferences of the waist and hip (both sexes) and chest (women only). In men, the waistline reduction per kilometer run was 60% greater at the 95th percentile than at the 50th percentile. Several studies suggested that anthropometrical estimates of abdominal adiposity (presumably intra-abdominal fat) increase the risks for morbidity and mortality, independent of total body fat.
19-21 A J-shaped distribution (ie, accelerated mortality) has also been reported for intra-abdominal fat. 22 Prior studies have not generally focused on testing whether the relationship of adiposity to physical activity differs by percentiles of the population. This may in part reflect the particular requirements for these analyses, namely: (1) a large-enough sample to estimate the 5th, 10th, 25th, 50th, 75th, 90th and 95th percentiles with sufficient precision for hypothesis testing (ie, a larger sample size is required to estimate the 5th or 95th percentiles with the same accuracy as the mean) and (2) the ability to create bootstrap estimates to compare trends across percentiles (because of the nonnormality of the residuals and the lack of independence for the trends measured at different percentiles within the same sample). The analyses presented in this report show that the sample mean (or least-squares estiAssociations of vigorous exercise with weight PT Williams mates) is insufficient for describing the associations of adiposity with vigorous exercise. The differences in adiposity between men and women who run only a few kilometers per week and those who run substantially greater distances are expected to translate into even greater reductions in mortality than suggested by averages because of the J-shaped relationship between adiposity and mortality.
There are important limitations to the analyses presented. The questionnaire did not include any questions about intentional vs unintentional weight loss, and the change in intensity or volume during the history of running and body mass, and so it is not possible to assess how these variables may have affected the analyses. The steeper regression slopes for BMI at the higher percentiles of adiposity may reflect the increase in energy expenditure per kilometer run as body weight is increased. There were no direct measurements of fat mass and fat-free mass for these runners so it cannot be determined how body composition might have been affected by running distance. The inverse association between running distance and adiposity is likely to at least partially reflect self-selection, although weight loss is a well-established consequence of exercise, and it has been previously reported that the runners in this cohort who ran the most miles were the furthest below their greatest lifetime weight.
1,3-5 Self-reported body circumferences of the waist, hip and chest were in response to the question 'Please provide, to the best of your ability, your body circumference in inches' without further instruction. The relationships between circumference and running distance are expected to be weakened by different perception of where waist, hip and chest circumferences lie. However unless the perceived location varies symmetrically in relation to running distance, this subjectivity is unlikely to produce the relationships in the tables and figures. Moreover, the associations with waist, hip, and chest are entirely consistent with those observed for BMI, which is less subjective. Proof of causality requires a randomized, controlled trial, which this study is not. Nevertheless, the large number of subjects studied at exercise levels generally unattainable in intervention studies provides a unique opportunity for assessing the relationship between vigorous physical activity and the population distribution of adiposity. These relationships reported here are consistent with the hypothesis that running affects adiposity differently, depending upon whether the person is lean or fat relative to others in the population.
